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Abstract

Plasma-generated compounds conceived by microwave-induced plasma (MidiPLexc) were
physicochemically investigated in their molecular compositions. Therefore, plasma-treated
water (PTW) was generated by treatment with the MidiPLexc within a 1 l glass bottle for a
pre-treatment time of 100 s, 300 s and 900 s. The PTW was further investigated in its
composition of reactive oxygen/nitrogen species. For this purpose, the hydrogen peroxide
(H2 O2 ) concentration of the PTW was determined electrochemically using chronoamperometry,
and the anionic components were determined using ion chromatography. As a result, H2 O2
concentrations of up to 720 mg l−1 , nitrite concentrations of 1600 mg l−1 and nitrate
concentrations of 72.3 mg l−1 could be detected after 900 s pre-treatment time of the water. The
compounds obtained by ion chromatography were fractionated and subsequently confirmed by
mass spectrometry. Once an overview of the chemical composition of PTW had been obtained,
its effects on pathogens like Pseudomonas fluorescens and L. monocytogenes, which are both of
particular importance as pathogenic contaminants during food production, were tested. In that
process, a maximum reduction in the colony forming units of 4 log10 steps for P. fluorescens and
3 log10 steps for L. monocytogenes could be observed. The LIVE/DEAD assay showed a
maximum reduction in the ratio G/R of 67% for P. fluorescens and 38% for L. monocytogenes.
In addition, the XTT assay results showed a maximum cell metabolism reduction of 96% for P.
fluorescens and 91% for L. monocytogenes.
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(NO2 - ), nitrate (NO3 - ), nitrogen trioxide (N2 O3 ), the dimer
of the nitrogen dioxide called dinitrogen tetroxide (N2 O4 ),
S-nitrosothiols, peroxynitrites (OONO- ) and dinitrosyl-iron
complexes in biological systems for the RNS (Nathan and
Shiloh 2000). Higher molecular RNS like dinitrogen pentoxide (N2 O5 ) decompose into NO2 + O2 with a half-life of 10 h
at room temperature. It can therefore be present in PTW and
could serve as a supplier of nitrite. The prerequisites in the
plasma are theoretically given, if NO2, which is present in the
gas phase as a dimer (N2 O4 ), combines with ozone (Brauer
1965).
The concentration-dependent biomolecular mechanisms of
RONS are based on the oxidation of proteins and lipids in the
cells. While low concentrations lead to the induction of RONSdependent cell signaling pathways, high concentrations lead
to cytotoxicity and apoptosis (Davalli et al 2016). Therefore,
NTP has already been successfully used in medicine to stimulate wound healing in chronic wounds (Sen 2009).
The reason for the high reactivity of ROS can be found in
its kinetics. Charged gas radicals are subjected to a so-called
‘one electron reaction’, which is much faster than more complex reactions (Kluge et al 2016). This enables ROS to oxidize even relatively inert substances as well as induce DNA
damage (Florence 1995, Stadtman 2006). Eukaryotic cells
have protective mechanisms to degrade RONS up to a certain concentration. Various proteins, such as peroxyredoxins (Prx), thioredoxins (Trx) and glutharedoxins (Grx), are
used to remove radicals such as H2 O2 (Chae et al 1999),
but also peroxynitrite anions (ONOO- ) and hydrogen-sulphide
(H2 S) (Poole 2004). Sulphenic acids (R-SOH), which are produced if plasma-generated RONS react with cysteine residues
of proteins in a biological system, can be further oxidized
to sulphinic acids (R-S (=O) OH) or sulphonic acids (RSO2 O-R) (Kettenhofen and Wood 2010, Gupta and Carroll
2014). Sulphenic acids can be reduced by Prx and sulforedoxin
(Srx). However, if sulphinic or sulphonic acids are formed,
this is an irreversible process (Perkins et al 2014). The cellular defense strategies are thus quite limited. Several studies have shown that gram-negative bacteria are more resistant to plasma treatments than gram-positive bacteria, suggesting that the antimicrobial plasma activity depends on the
cellular envelope (Ermolaeva et al 2011). However, other
studies have shown a contrary effect. This might be due to
the acidification of liquids during plasma treatments (Oehmigen et al 2010, 2011a). Notably, not much is known about
the mechanism of the antimicrobial action of RNS. Only
a few studies have shown antimicrobial properties of pure
RNS-containing gas without ROS (Schnabel et al 2014).
However, the underlying molecular mechanisms are still
unknown.

1. Introduction
The application of non-thermal plasmas (NTP) for decontamination processes remains a great challenge in science and
industry (Ehlbeck et al 2008, Mir et al 2016). In NTPs, the
energy is mainly transferred to the free electrons, which results
in partial ionization of the gas and low temperature (Scholtz
et al 2015). The environmental factors and operational parameters as well as the type of plasma source are decisive for
the antimicrobial effect of the plasma. The plasma treatment
of microbial communities, i.e. present in surface-associated
biofilms, often differs in treatment time and the distance from
the treated surface to the electrode system or the active plasma
zone for plasma sources without electrode systems, but parameters from the plasma source itself are also important. The
feeding gas of the plasma source and the gas flow are also
relevant for the plasma chemistry (Bartis et al 2016, Sarinont
et al 2016).
For the investigation of antimicrobial effects, a distinction
between direct and indirect treatments has to be made. With
direct treatments, the surface, e.g. a microbial biofilm, is either
in direct contact with the plasma effluent or the plasma effluent is applied across the biofilm at a short distance (Handorf et al 2018). In contrast to this, with indirect treatments,
water or air can be treated with the plasma source and the
pathogen can afterwards be treated with the plasma-generated
compounds (PGCs), e.g. plasma-treated water (PTW) or the
plasma-processed air (PPA) (Schnabel et al 2015, 2018). Not
much is currently known about the antimicrobial chemical
components in PTW or PPA. Additionally, in this case it
depends on the type of plasma source as to which chemical
components are introduced into the medium. The effects of
plasma are induced by various factors, including UV radiation and charged particles as well as temperature and electric
fields (Sysolyatina et al 2014). When air is used as a working
gas and under atmospheric conditions, reactive oxygen species (ROS) and reactive nitrogen species (RNS) play a crucial role. In particular, the reactive species have been described
as the most important factors for the antimicrobial activity of
plasma (Laroussi 2002, Lackmann et al 2013). In addition, UV
radiation plays an important role in the antimicrobial effect of
plasma (Dobrynin et al 2009). However, this factor is omitted
in treatment with PTW or PPA, because the plasma could not
interact directly with the pathogens and the UV radiation is not
retained in water or air.
Reactive oxygen/nitrogen species (RONS) include superoxide anions (O2 - ), hydrogen peroxide (H2 O2 ), ozone (O3 )
and hydroxyl radicals (OH- ) for the ROS (Schieber and
Chandel 2014) and various reaction products of nitrogen,
including nitric oxide (NO), nitrogen dioxide (NO2 ), nitrite
2
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L. monocytogenes is a gram-positive bacterium and one of
the most dangerous food pathogens causing listeriosis due to
its ability to grow at low temperatures and to survive in food
production plants (Gandhi and Chikindas 2007). In particular, products from the diary, fish and meat industry are therefore designated as high-risk products, and have been related to
the outbreak of various listerioses in many different countries
(Miettinen et al 1999, Heiman et al 2016, EFSA and ECDC
2017, Buchanan et al 2018).
The gram-negative bacterium Pseudomonas fluorescens is
a well-known food-spoiling microorganism in the milk and
dairy industry, as well as in the meat industry (Dogan and
Boor 2003, Wang et al 2018). P. fluorescens is sometimes
also associated with acute opportunistic infections in immunocompromised patients, and has been isolated as a causative
agent of nosocomial infections over the last few years (Donnarumma et al 2010, Scales et al 2014). In this study the
effect of the PTW produced by the microwave-induced plasma
source MidiPLexc on L. monocytogenes and P. fluorescens
monospecies suspension cultures was investigated by chemical and biological assays.

the MidiPLexc and treated for the respective pre-treatment
time. For the chemical investigations, pre-treatment times of
15 s, 25 s, 50 s, 100 s, 200 s, 300 s, 600 s and 900 s have
been used. Each pre-treatment time was performed in fivefold
repetition per experimental day. For the biological investigations three different pre-treatment times (plasma gas-water
contact time) (100 s, 300 s, 900 s) were used and three different post-treatment times (PTW—suspension culture contact
time) (1 min, 3 min, 5 min) were used for each pre-treatment
time. Each post-treatment time for a suspension culture was
performed in threefold repetition per experimental day. Each
test was performed on four different experimental days. This
yielded n = 12 for each post-treatment time.
2.4. Temperature measurements of the PTW

First, the plasma source was ignited and left in operation for
30 min to avoid disturbances in the plasma generation because
of residual moisture in the gas connections and to ensure
stable operation conditions. For the temperature measurements, 10 ml DW was used, because this was the minimum
volume required for the biological experiments. A temperature measuring instrument Testo-735-2 (Testo, Lenzkirch, Germany) with thermoelement type K (Testo, Lenzkirch, Germany) was led into the bottle via the pressure equalizer of the
MidiPLexc and brought into contact with the DW. In the first
experimental setup the water + plasma and water w/o plasma
were measured. With an ignited plasma source, the temperature of the DW was recorded at an interval of 3 s per measurement point for a treatment time of 900 s, representing the
longest pre-treatment time which was used in the experiments.
For the measurements of gas + plasma and gas w/o plasma, the
sensor was placed directly at the outlet of the plasma source,
and the temperature of the gas flow was measured as well as the
temperature directly in the effluent at the outlet of the plasma
source.

2. Experimental
2.1. Plasma source

The MidiPLexc, a further development of the MiniMIP (Baeva
et al 2012), a microwave-driven plasma torch, has been used
for generating the PTW (figure 1). In contrast to the MiniMIP, this plasma source could be operated with compressed
air (drew point 3 ◦ C) instead of argon gas. In addition, it is
possible to treat different amounts of liquids directly with the
microwave-induced plasma effluent because of the integrated
bottle adapter. Thus, PTW could be produced, which can be
used for further antimicrobial applications. This work therefore shows the first microbial data for the MidiPLexc. The
MidiPLexc was operated with compressed air as the working
gas and a forward power of 80 W and a reverse power of 20 W.
After 30 min running time to ensure a stable gas flow and effluent, the production of the PTW was started (1.3).

2.5. Manganometry of H2 O2

The concentration of a commercially aquired H2 O2 solution
(Merck, Darmstadt, Germany) has been determined by manganometry. A 0.02 M potassium permanganate solution (Applichem, Darmstadt, Germany) was used for the titration. The
H2 O2 solution was diluted 1:100 with DW. Afterwards, 1 ml of
this dilution was transferred to an acid milieu with 10 ml DW
as well as 10 ml of a 40% sulphuric acid (Roth, Karlsruhe, Germany). The titration solution was added to the diluted H2 O2
solution droplet-wise and under constant shaking until a pink
colour change could be permanently detected. The titration
reaction is based on the following chemical reaction (Jander
et al 1989):

2.2. Adjustment of the optimal treatment range

To find the optimum range for plasma treatment, various gas
flows and water volumes during plasma treatment have been
investigated with regard to the pH value achieved. An optimal
setting was reached if the pH value was very low. For this
reason, an amount of 2 ml deionized water (DW) was treated
with different gas flows of 1 standard liter per minute (slm),
3 slm and 5 slm of compressed air. After the optimal gas
flow could be selected due to the reached pH values, different amounts of 2 ml, 10 ml and 100 ml DW were treated with
this setting.

2MnO4- + 5H2 O2 + 6H + → 2Mn2 + + 5O2 + 8H2 O.
The volume of potassium permanganate consumption was
validated and the concentration of the H2 O2 solution was
determined using the equation (Jander et al 1989):

2.3. Production of the PTW by the MidiPLexc

For the production of PTW, 10 ml DW was added to a 1 l
glass bottle, which was connected to the bottle adapter of

1mlMnO4- = 1,701mgH2 O2 .
3
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Figure 1. A schematic illustration of the MidiPLexc. (Left) A schematic illustration of the MidiPLexc with 1 l glass bottle attached to the

bottle adapter of the plasma source. (Right) A schematic illustration of the MidiPLexc and the bottle adapter from below with illustration of
the plasma effluent.

For the required H2 O2 standard solution, which should be
measured as a control value, a 0.1 g l−1 standard solution was
prepared based on the titration of the commercially acquired
H2 O2 solution.

catalase blank. This enzyme solution of 100 µl was added to
each 500 µl sample and incubated for 60 min at 37 ◦ C. After
the incubation time, the solution was injected into the system
using the dispenser and was analyzed.

2.6. Chronoamperometric determination of H2 O2

2.7. Analytical determination by ion chromatography

For the H2 O2 measurements, a screen-printed electrode (DropSens, Llanera, Spain) with a surface made of Prussian
blue/glassy carbon was used. A cyclic voltammogram in the
range of −0.4–1.1 V was performed to verify and check the
functionality of the chip electrode. If the cyclic voltammogram
showed the typical pattern of the redox reaction at the chip
electrode, the measurement could be started. It was integrated
into a flow system, where the running buffer (phosphate buffered saline (PBS), according to Sörensen, pH corrected with
3M KCl, pH 4.6) was continuously pumped over the chip
electrode at a rotational speed of 16 U min−1 . For correct
measurements of the chip electrode it is essential that the pH
value of the buffer is below 7, because in an alkaline environment H2 O2 decomposes rapidly (Garjonyte and Malinauskas 1999). An Autolab PGSTAT101 (Metrohm, Filderstadt,
Germany) was used to transmit the measured potentials to
the Nova 1.10 (Metrohm, Filderstadt, Germany) software for
evaluation (see supplementary figure 1, available online at
(stacks.iop.org/JPhysD/53/305204/mmedia)). First, the PTW
was produced with the plasma device (1.3). Afterwards, 500 µl
of the sample was injected into the flow system via a dispenser
and was measured in real time. To verify the specificity of the
reaction by H2 O2 , a solution was treated with catalase before
measurement and compared with the other measured value to
show a specific reaction of H2 O2 with the die electrode surface. For the catalase measurements, 10 mg catalase (2000–
5000 Units/mg, Sigma Aldrich, St. Louis, USA) was dissolved
in 10 ml running buffer. This solution has also been used as a

Immediately after preparation, the chemical reactions in
the PTW were interrupted by adding 100 mM NaOH in a
ratio of 1:10. The molecules were determined by ion chromatography (IC). IC was performed on a Professional IC 850
instrument (Metrohm, Filderstadt, Germany). A Sample Center 889 IC set to a constant temperature of 4 ◦ C was used. The
volume of the injection loop was 20 µl. A Metrosep A Supp.
5-150/4.0 with a guard column (Metrohm, Filderstadt, Germany) was used for separation. As the eluent, 3.2 mmol l−1
of Na2 CO3 /2 mmol l−1 NaHCO3 with 10% acetonitrile was
used and the flow rate was 0.7 ml min−1 . The column temperature was 20 ◦ C. The IC was equipped with a conductivity
detector and a scanning UV detector. The UV detector operates at 220 nm and 305 nm. The identification of the different
fractions was carried out using commercially acquired standards for nitrate and nitrite in the range of 10–100 mg l−1 . Based
on the measured standards, calibration curves could be created
which made it possible to calculate the concentrations of the
individual fractions. All experiments were repeated five times,
n = 5.
2.8. Mass spectrometry

Samples were analyzed on a TripleTOF 5600 system with a
DuoSpray ion source (both Sciex) running in negative mode
acquiring in the range of 30 to 200 m z−1 . Samples were
diluted 1:100 in MeOH + 0.1% NH3 , and were directly
injected using a syringe pump running at 10 µl min1 . Source
4
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where 10x is the dilution factor for the lowest dilution,
∑ v is
the volume of diluted cell suspension per plate in ml, cy is
the total number of colonies on ∑
all (ny ) plates of the lowest
evaluated dilution level, 10-x , and cy+ 1 is the total number of
colonies on all (ny+ 1 ) plates of the next-highest dilution level
evaluated, 10-(x+1) (Bast 2001). For the final illustration of the
data points, the weighted mean value of the total population
has been used with the formula:
∑n
i=1 pi xi
.
x̃ = ∑
i pi

parameters were individually optimized to achieve maximum
total ion current and were as follows: −4.5 kV floating ionization potential, 20 psi curtain gas, 25 psi gas1 and 2 psi gas
2, declustering potential of 30 kV. For MS1 scans, a collision
energy of −10 eV was used, and for MS/MS structure elucidation, −30 eV were applied. Samples were measured for 1 min
and integrated in PeakView 1.2 (Sciex) to cope with slight
changes in ionization efficacy during measurements. Afterwards, peak tables were exported and plotted in OriginPro
2018 (OriginLab).
2.9. Bacterial strains and growth conditions

The weight pi is calculated according to the following formula:

For the suspension cultures L. monocytogenes, strain ATCC
15 313, and P. fluorescens, strain ATCC 13 525, have been
used. Both are well-researched strains and also relevant to the
food industry, for which the use of the MidiPLexc is planned.
A colony was removed from the plate with an inoculation loop
and resuspended in 50 ml brain heart infusion (BHI) broth and
incubated 24 h at 30 ◦ C without shaking. The next day, the
cells had reached their stationary phase and a suspension of
the microorganisms in PBS (pH 7.2, according to Sörensen)
was adjusted to an optical density (OD) at 600 nm of 0.100 for
the L. monocytogenes cultures and of 0.050 for the P. fluorescens cultures. The OD was measured for both pathogens with
the same path length in 10 mm diameter polystyrene cuvettes
in a UV-3100PC spectrophotometer (VWR, Darmstadt, Germany). The PTW treatment was started immediately after the
dilution step.

pi = k ∗ 1/σi2
where k = arbitrary constant (Wallhäuser 1995). This ensures
that the weight of the mean values were not included in the calculation as values. The weighted mean value has the advantage, compared to the arithmetic mean value, that it is more
resistant to aberrations (Gränicher 1994).
The propagation of error has been calculated for each
treatment group. This finally resulted in four different error
propagations for each treatment time from which the weighted
errors were calculated and used as error bars in the illustrations
(Gränicher 1994). The experiments were repeated fourfold
with n = 3, which finally resulted in n = 12.
2.12. Fluorescence LIVE/DEAD assay

2.10. PTW treatment of L. monocytogenes and P. fluorescens
monospecies suspension cultures

The LIVE/DEAD BacLight™ Bacterial Viability Kit (Thermo
Scientific, Waltham, USA) was prepared according to the
manual. Finally, 0.9 µl of the mixture was added to 300 µl
of the specimen followed by incubation on a rotary shaker
in the dark at room temperature for 20 min. A fluorescence microplate-reader (Varioskan-Flash®, Thermo Scientific, Waltham, USA) was used to determine the fluorescence of each well of a 96-well plate with an excitation
wavelength of 470 nm and emission wavelength of 530 nm or
630 nm for green (G) and red (R) fluorescence. Conclusively,
a ratio G/R was calculated by dividing the intensity value of
red fluorescence by the value of green fluorescence. The ratio
G/R values of the controls and samples were expressed as a
percentage in relation to each other and graphically displayed
using Origin.

One milliliter of each suspension was mixed 1:1 with the PTW
produced by the MidiPLexc 30 min after preparation of the
PTW and was treated for the different post-treatment times of
1 min, 3 min and 5 min. Afterwards, the biochemical reactions
were interrupted with the addition of 8 ml PBS and gentle mixing. These solutions were used for further experiments.
2.11. Determination of the colony forming units of the
suspension cultures after PTW treatment

To determine the colony forming units (CFU) after PTW treatment, 100 µl was taken from the 10 ml specimen and a serial
dilution was performed. This has been done by diluting the
specimen after plasma treatment 1:10 with maximum recovery diluent (MRD; 0.85% NaCl, 1% tryptone). The controls of
the 900 s pre-treatment time were finally diluted 1:10 000 and
the samples 1:1000. The 100 s and 300 s pre-treatment times
were finally diluted 1:10 000. Each dilution step was plated
on BHI agar by pipetting 10 µl per dilution onto the plate and
was spread out by using the tilting technique. The plates were
incubated for 24 h at 30 ◦ C. The colonies for the respective
dilution levels were counted, and the CFU/ml values were calculated as follows:
∑cy ∑cy+1
10x
+
CFU =
∗
v
ny + 0, 1ny+1

2.13. XTT assay

A colorimetric assay has been used to determine the cell viability after plasma treatment (XTT Cell Proliferation Assay
Kit, Applichem, St. Louis, USA). Therefore, the XTT assay
revealed the cell viability as a function of the redox potential, which arises from a trans-plasma membrane electron
transport (Scudiero et al 1988). N-methyl-dibenzopyrazinemethylsulfate (PMS) was used as an intermediate electron carrier, which in turn serves as an activator of the intended reaction. This XTT solution was mixed 1:50. For every well, these
5
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mixtures were added at a ratio of 1:3 to the specimen. The 96well plate was incubated at 37 ◦ C with continuous horizontal
shaking (80 rpm) in the dark for 20–24 h. After the incubation
time, 96-well plates were scanned at a wavelength of 470 nm
using the Varioskan-Flash® device. The obtained values were
blank-corrected using the XTT and activation solution mix
without sample scanned at a wavelength of 670 nm. The experiments were repeated fourfold with n = 6. The absorption values of the controls and samples were expressed as a percentage
in relation to each other and graphically displayed.
3. Results
3.1. Treatment optimization

At the beginning, different gas flows were tested concerning
the effect on the pH value of the PTW. It turned out that a
lower gas flow leads to a stronger decrease in the pH value
(figure 2(A)). Subsequently, different amounts of DW were
treated with the gas flow of 1 slm (figure 2(B)). For the treatment of the biofilms with the PTW, 2 ml were not sufficient,
therefore, 10 ml of PTW were used in further experiments.
3.2. Temperature variation of the water during the plasma
treatment

During the treatment time of the DW with the MidiPLexc,
there was a slow increase with temporary small drops in
temperature. Its difference during a treatment time of 900 s
reached 3.1 ◦ C at maximum (figure 3). No increase in temperature could be detected in the measurements of the water
without plasma ignition and also in those flow without plasma
ignition (figure 3). In comparison, high temperatures occured
directly in the effluent at the outlet of the plasma source. During the measurement there was a continuous decrease in temperature. In total, the temperature in the effluent decreases
from 615 ◦ C to 555 ◦ C during 900 s (figure 3).
Figure 2. Measurements of the achieved pH values at different gas

3.3. Determination of H2 O2 concentration in PTW

flows and treated water volumes. (A) A line-diagram of the reached
pH values of the PTW after different treatment times at different gas
flows. (B) B line-diagram of the reached pH values after different
treatment times at different water volumes.

Titration of the commercially acquired H2 O2 solution resulted in a concentration of 34.3035% m v−1 . Based on this concentration, the stock solution was diluted to a final concentration of 0.1 g l−1 and subsequently verified by manganometric titration. On the basis of the titration, a concentration of
0,108 864 g l−1 could be calculated for the prepared standard. For the further calculations of the H2 O2 concentrations of
the PTW, the value determined by manganometry was used.
The cyclic voltammogram showed the typical pattern for Prussian blue/carbon chip electrodes (supplementary figure 2). The
measurements of the DW showed only curves in the area of
the baseline which could be neglected. The 0.1 g l−1 standard and PTW samples showed pronounced curves which had
been measured five times in total and whose values were then
averaged (figure 4). The measured currents were compared to
the standard, and thus the H2 O2 concentrations in the different PTW samples were calculated (table 1). To prove that the
measured currents are a result of the reactions of H2 O2 , the
samples were treated with catalase and the decrease in the

H2 O2 concentration after the treatment was measured (figure
5). The enzyme solution consisting of catalase + running buffer and the DW were also measured in order to rule out inherent
reactions (supplementary figure 3). During the measurements,
only curves in the baseline area could be measured, which is
why the enzyme could be neglected as a source of error.
3.4. Separation of the ionic components of the PTW

The separation of the ionic components of the PTW using
acetonitrile revealed three clearly separated fractions (figure
6). The nitrate and nitrite standards could be used to identify
2/3 of the fractions. The first fraction with a retention time of
6.8 min could thus be identified as a nitrite fraction. The very
6
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Figure 3. Temperature measurement during the treatment of 10 ml DW. A line-diagram of the temperature measurement during the

treatment of 10 ml DW with the MidiPLexc, measured with a Testo-735-2 thermocouple type K. The red line shows the temperature of the
water during the treatment with the gas flow without ignition of the plasma. The blue line shows the temperature of the compressed air gas
flow without ignition of the plasma. The black line shows the temperature of the water during the treatment with the plasma, and the green
line shows the temperature of the effluent at the outlet of the plasma source during the treatment.
Table 1. The concentrations of H2 O2 for the different pre-treatment

contrast, there is a continuous increase in the nitrate concentration and the concentration of the unknown fraction (figures
7(B)-(C)). The nitrate concentration increases slightly over a
period of 3 h. At 900 s pre-treatment time there is an increase
of 6.63 mg l−1 , which corresponds to a percentage increase of
9.17% compared to the beginning concentration (figure 7(B)).
The unknown fraction goes up considerably faster. At 900 s
pre-treatment time over the incubation period of 3 h there is an
increase of 58.76 mg l−1 , which corresponds to a percentage
increase of 26.17% compared to the beginning concentration.
(figure 7(C)).

times.
pre-treatment time (s)
concentration (g l-1 )
concentration (% m/v)
concentration (mmol l-1 )

100
0,0775
0,00775
2,28

300
0,2979
0,02979
8,76

900
0,7173
0,07173
21,1

small fraction at a retention time of 9 min could be assigned
to the nitrate. The largest fraction at a retention time of 8 min
is an unknown fraction (figure 6). There was no separation of
the unknown peak in acetonitrile-free buffer detectable.

3.6. Mass spectrometry of the PTW
3.5. Quantification of key components of the PTW

The mirrorplot showed the mass spectra of the control DW
(top) and the 900 s pre-treated PTW (bottom) (figure 8). The
illustrated chemical structures could be estimated based on the
mass count and the fragment sizes. The remaining structures
are so-called ‘unknown unknowns’, which cannot be further
determined due to their mass number and fragment sizes. In the
PTW, nitrous acid and nitric acid could be clearly proven by
the mass spectrum due to the fragment sizes and mass counts
and nitrate and nitrite as salts of these acids (figure 8). The
probability that the acids or salts occur in the PT was strongly
dependent on the pH value of the PTW and the pKs values of
the compounds.

With the aid of the commercially acquired nitrate and nitrite
standards, the concentrations of these substances in PTW
could be calculated. Furthermore, the concentration of the
unknown fraction was calculated using the nitrate standard.
This made it possible to calculate kinetics for the respective
pre-treatment times over an incubation period of 3 h. Here,
it is noticeable that there is a continuous decrease in the
nitrite concentration over the period of 3 h (figure 7(A)). At
900 s pre-treatment time the nitrite concentration decreases
after 3 h by 573.42 mg l−1 . This corresponds to a concentration decrease of 35.82% of the starting concentration. In
7
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Figure 4. Chronoamperometry of the H2 O2 standard and the PTW samples. Chronoamperometry of the H2 O2 standard and the PTW

samples. The red line shows the chronoamperometric curve of a 0.1 g l−1 H2 O2 standard verified by manganometry. The black, blue and
green lines show PTW treated with different pre-treatment times and their chronoamperometric profiles. Based on the peak areas, the H2 O2
concentration could be calculated in relation to the standard. For each sample, the mean value was calculated from five different measured
values, n = 5.

300 s pre-treated PTW (figure 10). In the case of P. fluorescens, 900 s pre-treated PTW showed an ascended reduction in vitality with increasing post-treatment time (figure
10(A)). After 5 min post-treatment time, the vitality of the cells
was reduced by approx. 77% (figure 10(A)). In comparison,
L. monocytogenes showed a tailing effect after 3 min posttreatment time with a final reduction of approx. 39% (figure
10(B)).

3.7 Effect of PTW treatment on the proliferation ability (CFU)
of L. monocytogenes and P. fluorescens

Comparing the results of the proliferation assay of both pathogens with each other, it can be seen that if they are treated
with 100 s pre-treated PTW, regardless of the length of the
post-treatment time, there is no significant change in the proliferation ability of the pathogens (figure 9). After 300 s pretreatment time, an effect on P. fluorescens could be observed
which amplifies with increasing post-treatment time (figure
9(A)). Within 5 min post-treatment time of P. fluorescens with
300 s pre-treated PTW, a reduction of 2.9 × 107 cells could be
observed. After treatment with 900 s pre-treated PTW, both
pathogens were affected and this increases with increasing
post-treatment times (figure 9). For P. fluorescens, a reduction
of cells could already be observed after 1 min post-treatment
time, and for L. monocytogenes after 5 min post-treatment time
(figure 9(B)).

3.9. Reduction of cell metabolism of the pathogens after
PTW treatment

The XTT assay was used to assess cell viability as a function of
redox potential. Actively respiring cells converted the watersoluble XTT to a water-soluble, orange-colored formazan
product. The measured absorbance values of the controls and
treated samples were related in percentages and graphically
displayed. Even in the XTT assay, there are no significant
changes in cell metabolism detectable after 100 s and 300 s
pre-treatment with PTW (figure 11). Interestingly, there is a
rapid decrease in the metabolism of P. fluorescens at 900 s pretreatment time regardless of the length of the post-treatment
time (figure 11(A)). In contrast to this, L. monocytogenes also

3.8. Negative effects of PTW on the cell envelope of the
pathogens

In the LIVE/DEAD vitality assay, no significant effects were
observed for both pathogens after treatment with 100 s and
8
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application, is the investigation of plasma chemistry within
PGCs such as PTW or PPA. Even though there are already
several studies of the effects of plasma in wound treatment
(Bekeschus et al 2016, Kubinova et al 2017, Schmidt et al
2017), decontamination of surfaces or antimicrobial effects
(Scholtz et al 2015), the mechanisms leading to these effects
are often not yet fully understood. Therefore, it is of great
importance not only to show the effects of plasma treatment
but also to qualitatively investigate the mechanisms and quantitatively measure the molecules leading to these effects. An
intensive analysis of the plasma molecules in the plasma effluent as well as in PGCs such as PTW or PPA as a standard method, after the development of new plasma sources,
would be beneficial. This would give a detailed overview of
the involved molecules and, therefore, estimate the antimicrobial effects. Predictions have been made about the reactive species, which could be expected on the basis of the physical parameters of the plasma source. Due to its higher power density,
the microwave-induced plasma used in this work has a higher
temperature compared to radiofrequency plasmas such as the
kINPen (Seo et al 2011, Baeva et al 2012). Consequently, RNS
rather than ROS can be assumed as the main acting components for microwave plasmas, since the achieved temperatures
are too high for stable generation of O3 (Drost 1980). In PTW,
however, ROS can occur again. Here, the O2 molecules of the
water interact with the molecules of the plasma gas and can
form ROS (Draper and Crosby 1983, Locke and Shih 2011,
Viswanathan et al 2015). This in turn leads to a reoxidation of
the water by the plasma gas. Nevertheless, the H2 O2 concentration of 0.07173% after 900 s pre-treatment time, measured
in the PTW, is extremely low. Commonly, a 3% (882 mM) to
6% (1764 mM) solution is used for disinfection purposes in the
food production industry (Linley et al 2012). This result leads
to the assumption that H2 O2 does not contribute significantly
to the antimicrobial effect of PTW.
The identification of the unknown fraction of IC is difficult. The physical chemical behavior of the fraction leads
to a strong assumption that this is peroxynitrite. Mass spectrometry analysis of the unknown IC fraction showed the
same mass count as nitrate. Furthermore, the commercially
acquired peroxynitrite standard showed a clear fraction at the
same retention time in the IC like the unknown fraction (data
not shown). However, the concentration calculation based on
these standards proved to be difficult because the standards are
always contaminated with nitrite and nitrate (probably already
degradation products), and the manufacturers cannot provide
accurate and reliable concentration information on the standards sold. The in-depth investigation of the unknown fraction
therefore requires further intensive investigations before reliable statements can be made. A further important aspect is the
investigation of the effect of the individual chemical components on bacterial pathogens in order to prove synergistic effects
of the components or to identify a certain molecule as a decisive factor for the antimicrobial effect of PTW.
The basic classification of bacteria gram-positive and gramnegative species is ultimately based on the different structure of their cell envelope. Gram-negative bacteria have a
thin peptidoglycan layer (periplasm) embedded between the

Figure 5. A bar chart of H2 O2 concentrations of the different PTW

samples and their catalase-treated counterparts. A bar chart of the
H2 O2 concentration of the different pre-treatment times of the PTW
in relation to the samples treated with 10 mg catalase (2000–5000
units/mg). The untreated samples were made in fivefold repetition.
Single measurements were used for catalase-treated samples.

Figure 6. A chromatogram of the PTW. A chromatogram at 220 nm

of 100 s pre-treated PTW after 3 h incubation stopped with 100 mM
NaOH. The diagram shows three clearly separated fractions. Using
the nitrate and nitrite standards the fraction could be identified as a
nitrite fraction at a retention time of 6.8 min and the fraction at
9 min as a nitrate fraction. In addition, a third fraction could be
identified at a retention time of 8 min.

shows a rapid decrease in the cell metabolism at 900 s pretreatment time, but there are also differences between the different post-treatment times (figure 11(B)).
4. Discussion
An important aspect, in order to control plasma processes
and to adapt them specifically to the respective fields of
9
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Figure 7. Concentration determination of the nitrate and nitrite fraction from the IC and the unknown fraction. (A) A line-diagram of the

nitrite concentration of the different pre-treatment times: 100 s (black line), 300 s (red line) and 900 s (blue line). (B) A line-diagram of the
nitrate concentration of the different pre-treatment times: 100 s (black line), 300 s (red line) and 900 s (blue line). (C) A line diagram of the
concentration of the unknown fraction of the different pre-treatment times: 100 s (black line), 300 s (red line) and 900 s (blue line). The
concentration of the unknown fraction was calculated using the nitrate standard, and can therefore only be assumed as a concentration. Due
to the lack of pure peroxynitrite standards, a calculation from these standards is not possible so far. All data points were calculated as mean
values from n = 5. The error points were calculated from the standard deviations.

Figure 8. Mass spectrometry of the PTW. The top part shows the mass spectrum of the control (DW). The lower part shows the mass

spectrum of the PTW after 900 s treatment of the water with the MidiPLexc. The chemical structure was added to the mass number for the
measurement of particularly important structures. Samples were measured in negative mode in the range of 30 to 200 m z−1 and diluted
1:100 in MeOH + 0.1% NH3 .

inner plasma membrane and a lipid-rich outer membrane
in the so-called periplasm (Salton 1963, Beveridge 1981,
Koch 1998). The outer membrane of gram-negative cells
consists of phospholipids, proteins and lipopolysaccharides
(LPS) (Beveridge 1999). The less complex cell wall of grampositive bacteria consists of the inner membrane and a thick

peptidoglycan layer (up to 20–50 nm) to which accessory
molecules like teichoic acids, teichuronic acids, polyphosphates or carbohydrates are attached (Shockman and Barrett 1983). A crucial factor to keep in mind in the interactions of radicals with bacterial cells is that the inner and
outer membrane can be considered as a fluid system that is
10
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Figure 9. The CFU assay of P. fluorescens and L. monocytogenes after treatment with PTW. (A) Cell counts for three different

pre-treatment times of PTW of 100 s, 300 s and 900 s for P. fluorescens. The cell counts for the control suspensions and the different
post-treatment times of 1 min, 3 min and 5 min are illustrated (bar charts). (B) Cell counts for three different pre-treatment times of PTW of
100 s, 300 s and 900 s for L. monocytogenes. The cell counts for the control suspensions and the different post-treatment times of 1 min,
3 min and 5 min are illustrated (bar charts). The pre-treatment time is the time in which the DW was treated with the plasma gas in the 1 l
bottle of the MidiPLexc. The post-treatment time is the time in which the suspension cells came into contact with the PTW. Each data point
was repeated three times per experimental day with repetitions on four different experimental days, resulting in a total number of n = 12 per
data points. The weighted mean value was used as the data points and the weighted error as the error bars.

Figure 10. The fluorescence assay of P. fluorescens and L. monocytogenes after treatment with PTW. (A) The ratio G/R as a percentage

value in relation to the ratio G/R of the controls for three different pre-treatment times of the PTW of 100 s, 300 s and 900 s for P.
fluorescens. The ratio G/R for the control suspensions and the different post-treatment times of 1 min, 3 min and 5 min are illustrated (bar
charts). (B) The ratio G/R as percentage value in relation to the ratio G/R of the controls for three different pre-treatment times of the PTW
of 100 s, 300 s and 900 s for L. monocytogenes. The ratio G/R for the control suspensions and the different post-treatment times of 1 min,
3 min and 5 min are illustrated (bar charts). The pre-treatment time is the time in which the DW was treated with the plasma gas in the 1 l
bottle of the MidiPLexc. The post-treatment time is the time in which the suspension cells came into contact with the PTW. Each data point
was repeated three times per experimental day with repetitions on four different experimental days, resulting in a total number of n = 12 per
data points. The weighted mean value was used as the data points and the weighted error as the error bars.

in constant motion within its regime (Yao et al 1999). The different compositions of the cell envelopes of gram-positive and
gram-negative bacteria may play a crucial role in the different
stress tolerance of the bacteria (Mcbroom and Kuehn 2007,
Jordan et al 2008). After radicals have passed the cell wall,
targets and killing mechanisms for gram-positive or -negative
bacteria may be expected to be similar (Dahl et al 1989).

In this study, we could show that the combination of different microbiological assays is of crucial importance to give
a precise explanation of the antimicrobial effects of PTW.
The gram-negative bacterium P. fluorescens already showed
a CFU reduction with increasing post-treatment time at 300 s
pre-treatment time (figure 9). Interestingly, the cells do not
show any changes in the LIVE/DEAD and XTT assay. This
11
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Figure 11. The XTT assay of P. fluorescens and L. monocytogenes after treatment with PTW. (A) Absorption as a percentage value in

relation to the absorption of the controls for three different pre-treatment times of the PTW of 100 s, 300 s and 900 s for P. fluorescens. The
absorption values for the control suspensions and the different post-treatment times of 1 min, 3 min and 5 min are illustrated (bar charts).
(B) Absorption as a percentagevalue in relation to the absorption of the controls for three different pre-treatment times of the PTW of 100 s,
300 s and 900 s for L. monocytogenes. The absorption values for the control suspensions and the different post-treatment times of 1 min,
3 min and 5 min are illustrated (bar charts). The pre-treatment time is the time in which the DW was treated with the plasma gas in the 1 l
bottle of the MidiPLexc. The post-treatment time is the time in which the suspension cells came into contact with the PTW. Each data point
was repeated three times per experimental day with repetitions on four different experimental days, resulting in a total number of n = 12 per
data points. The weighted mean value was used as the data points and the weighted error as the error bars.

suggests that the first response of bacterial cells to plasma
stress is to stop proliferation. The 900 s pre-treatment results in membrane damage (figure 10) and a devastating reduction in the cell metabolism (figure 11). In comparison, no
effects could be demonstrated at 300 s pre-treatment time
for the gram-positive L. monocytogenes. Comparing the results of the CFU counting (figure 9), LIVE/DEAD staining
(figure 10) and XTT assay (figure 11), leads to the conclusion
that gram-positive cells were significantly less affected than
gram-negative cells.
An important factor is the enzymatic equipment of the bacteria. It is already known that L. monocytogenes as well as P.
fluorescens express catalase and superoxide dismutase (SOD)
(Singh et al 2005). As a result, the superoxide anions contained
in PTW can be rapidly converted to H2 O2 and subsequently
degraded by the catalase of L. monocytogenes and P. fluorescens (Mongkolsuk and Helmann 2002). This supports the
hypothesis that H2 O2 in PTW is not responsible for the antimicrobial effect.
On the contrary, L. monocytogenes survives much higher
nitrite concentrations than most other bacteria, e.g. P. fluorescens. Particularly high nitrite concentrations in combination
with low pH values, as is the case with PTW, lead to strong
bactericidal effects (Buchanan et al 1989, Mcclure et al 1991).
This is due to the fact that L. monocytogenes has special protective mechanisms against reactive species (Lou and Yousef
1997, Ferreira et al 2001, Chaturongakul et al 2008).
The antibacterial effect of RNS is also exploited by respiratory epithelial cells that generate increased concentrations of
nitrates and nitrites in the exhaled air during infections of the
human respiratory tract. This is also taken as a measurement of

the NO concentration generated by respiratory epithelial cells
(Linnane et al 1998).
The antimicrobial capacity of RONS depends to a large
extent on the spatial or temporal physical–chemical restrictions. The antimicrobial effect of NO, for example, is limited by its relatively short diffusion path and fast reaction rate
(Malinski et al 1993). However, it was shown that NO has a
strong synergistic effect on H2 O2 -mediated cell killing by a
factor of up to 1000 in E. coli (Pacelli et al 1995). Interestingly, the mechanism of H2 O2 toxicity is linked to OH- formation in a Fenton reaction with iron molecules (Winterbourn
1995). This reinforces the assumption that intracellular iron
increases the formation of H2 O2 via the Fenton reaction and
that the binding of bivalent iron in chelator-complexes serves
as a defense mechanism against ROS (Hoepelman et al 1990,
Galhardo et al 2000). Some bacterial strains, which are members of the NarK family, have ATP-driven nitrate transporters
(Moir and Wood 2001). For nitrate or nitrite to enter an active metabolizing cell, the respiratory chain of the cell must
already be successfully reduced, e.g. by suppression of the
synthesis of important enzymes of the respiratory chain, such
as the cytochromes bo and bd in E. coli (Denis et al 1990).
The mechanism of the toxic effect of nitrite on bacterial cells
is not fully understood. While on the one hand the pH values
below 6 could be shown to increase the toxic effect of nitrite,
other studies could show that this effect can be reversed by the
addition of glutathione (Castellani and Niven 1955). However,
it is suspected that nitrite inactivates certain enzyme systems
containing sulfhydryl groups (Bollag and Henninger 1978).
The major advantage of chronoamperometry for the measurement of H2 O2 is the very high sensitivity. Even with the
12
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100 s PTW the sensitivity limit could not be reached. Nevertheless, the concentrations of 100 s PTW were already below
the sensitivity limit of commercial test kits. Another advantage compared to photometric test kits is that it was not bound
to enzymatic activities, and the kits have a high error ratio in
the measurements. With most of the commercially available
H2 O2 test kits, there were no distinctions possible between
H2 O2 and peroxides (peroxides are included), or they worked
in a strongly acidic range (titanyl method) where a reaction
between nitrite and H2 O2 could not be excluded. Photometric measurements are not the method of choice in such small
concentration ranges. With increasing incubation time of the
samples, the concentration of NO2 - decreases, whereas the
NO3 - concentration increases. This is a product of the chemical conversion of NO2 - into NO3 - , which is accelerated in
acidic environments like PTW (Oehmigen et al 2010). Finally,
an equilibrium was achieved between these molecules. In
addition, the unknown fraction increases continuously over
time, which in turn suggests a competition with NO2 - for the
chemical components. This in turn would also lead to the conclusion that the unknown fraction seems to be peroxynitrite,
since peroxynitrite as well as NO2 - stay in competition for the
NO from the gas phase (Fridman et al 2005, Pacher et al 2007,
Oehmigen et al 2011b). In addition, a maximum at 220 nm
and a secondary maximum at 302 nm could be detected in
the UV spectrum of the unknown fraction, which is similar
to the spectrum of peroxynitrite (Reiter et al 1999, Piskarev
et al 2014). Acidification of the water on its own could not
lead to the antimicrobial effects of PTW, as well as artificially
produced chemical compounds similar to PTW (nitric acid)
with pH values higher than 3. This leads to the assumption
that only this specific combination of acidic environment and
the concentration of molecules contained in PTW lead to the
antimicrobial effects (Oehmigen et al 2010).
A reduction of at least 4 log10 levels after a maximum of
60 min treatment time is assumed for the term ‘bactericidal’
in water-containing systems, which applies to the experiments
used in this work (DIN Standard EN13623 2010). In this work,
only a pre-treatment time of 900 s and a post-treatment time
of 5 min resulted in a reduction of up to 3 log10 levels. But the
results shown in this work indicated that the dynamic range
only started at 900 s pre-treatment. If the kinetics of the CFU
results are considered, they do not follow the Chick–Watson
Law for disinfectants (Chick 1908, Watson 1908). This law
shows that the relation between active and inactive microorganisms is a product of the concentration of the disinfectant and the exposure time. Here, PTW did not fulfill these
characteristics. Experiments with PTW from different plasma
sources already performed in the past showed a partly asymmetric reduction with non-linear progression and tailing at
higher treatment times (Schnabel et al 2015, 2016, 2019b).
However, it could be shown that the combination of PTW and
PPA partially eliminated the tailing effect and resulted in synergistic effects (Schnabel et al 2019b). In our work, a mixture
of killed cells with a few static ones were detected. Therefore, the PTW in the given chemical composition and based on
the present plasma source could be classified as bacteriostatic.
However, the aim of this work was not to achieve the highest

possible inactivation, but to demonstrate the dynamic range in
order to show the important parameters for killing by means
of the different concentrations of the chemical components.
Therefore, the results of this work suggest that either the NO2 or the unknown fraction, which could most likely be peroxynitrite, were responsible for the observed antimicrobial effects.
However, it could be shown that the upscaled plasma sources,
which were comparable to the MidiPLexc, are quite capable of
producing PTW, which can be classified as a disinfectant with
up to 4 log10 (Schnabel et al 2016). It is important to use at
least the three different methods like CFU, fluorescence and
XTT to be able to talk about killing. Otherwise, there is no
possible differentiation between inactivation and killing.
Due to the chemistry of PTW and the synergistic effects
of the chemical components, the field of microbial decontamination with cold atmospheric plasma is constantly growing
(Schnabel et al 2019b). Therefore, it is of crucial importance
to identify the molecules in PGCs to elucidate the underlying
molecular mechanisms. However, prior to industrial applications, the process needs to be upscaled (Andrasch et al 2017,
Schnabel et al 2019a).

5. Conclusion
The identification of the chemical components of PGCs such
as PTW is of crucial importance for the characterization and
application of these plasma end products. This work provides
crucial new results in relation to plasma chemistry. Two specific molecules in decisive concentrations together with very
low nitrate and H2 O2 concentrations have been detected, indicating that nitrite and the unknown fraction are predominantly
responsible for the antimicrobial activity of PTW. For the
application of PTW in different fields, e.g. in the food production industry, these findings are of decisive importance.
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